Abstract: For a wide range of nanomaterials, surface-bound molecules play a central role in defining properties, and are key to integration with other components-be they molecules, surfaces, or other nanoparticles. Predictable and general methods for manipulating the surface monolayer are therefore crucial to exploiting this new region of chemical space. This review highlights limitations of the few established methods for controlling nanoparticle-bound molecular functionality, then focuses on emerging new strategies. In particular, approaches that can achieve stimuli-responsive and reversible modification of surface-bound molecules in colloidal solution are examined, with an emphasis on using these methods to control nanoparticle properties such as solvent compatibility, catalytic activity and cytotoxicity. Finally, the outstanding challenges and future potential for precisely controlled nanoparticle-bound monolayers are discussed.
1. Introduction
The role of the surface monolayer
Monolayer-stabilized inorganic nanoparticles (NPs) have been among the most intensively investigated nanomaterials to emerge over the past quarter of a century. These new chemical entities can often be manipulated as colloidal suspensions using existing molecular and macromolecular techniques and infrastructure, and have engendered considerable interest on account of unique properties that are tunable according to NP material, size and shape. Consequently, considerable efforts have been made to optimize synthetic control over these parameters. [1] Yet, the core nanomaterial only partly determines NP properties; the surface-bound molecular species are equally important in determining overall behavior, and control over this aspect of NP structure remains comparatively underdeveloped. [2] Irrespective of core material, the NP-bound surface ligands play a common role: chemical passivation of coordinatively unsaturated surface sites, and steric or electrostatic stabilization of the material in nanoparticle form. Beyond this, the surface molecular monolayer is also crucial for adding function and defining properties ( Figure 1 ). For example, surface speciation of colloidal quantum dots (QDs) strongly influences the intrinsic semiconductor electronic and optical properties that are key to applications from photovoltaics to lighting technology and fluorescence bioimaging. [3] For noble metal NPs, the dielectric environment defined by the ligand shell affects the surface plasmon resonance features, and therefore their behavior as sensors. [4] Physicochemical properties that derive from interactions between a NP and the surrounding matrix are also defined, in large part, by the surface-bound species. Nowhere is this more important than in the large number of potential applications for monolayer-stabilized NPs in biomedical fields, [5] where cytotoxicity, immunogenicity, biodistribution, and pharmacokinetics are all determined by the NP surface details.
[6] Finally, NP-bound ligands present the opportunity to introduce entirely new functionality: from targeting ligands to therapeutics; catalysts to imaging probes. For virtually all applications, it is now imperative that synthetic nanochemists develop robust and generalizable strategies for manipulating the NPbound monolayer.
The de novo synthesis of new NP entities with differing surface monolayers is tedious, and intrinsically limiting. Only a small subset of monolayer functionalities will be compatible with any given synthesis conditions, while even subtle variations in ligand molecular structure can have a significant impact on the outcome of a NP synthetic protocol. [7] Far more attractive are postsynthetic methods, through which a range of systems can be accessed from a small number of optimized building blocks, ideally with the ability to switch and tune properties in response to specific triggers.
Ligand exchange for NP property control
Directly replacing one NP-bound species with another in a 'ligand exchange' process has long been established as a powerful method for postsynthetic NP modification. [2] First developed by Murray and co-workers on AuNPs, [8] ligand exchange allows functionality to be incorporated independent of the NP synthesis conditions, including the combination of sev- eral different ligands to produce mixed monolayers, [8b] making it an attractive approach for modifying a host of NP properties. Despite widespread adoption, however, this strategy presents several significant challenges. Exchange can often be slow, and complete replacement of one ligand for another is difficult to achieve. [3, 9] For this reason, essentially irreversible replacement of a weakly bound species with stronger ligands is often favored. Disrupting the NP-ligand bond can be a relatively harsh process, leading to unwanted changes in NP properties, size distribution, or even NP decomposition. Perhaps most significantly, the mechanistic details of ligand exchange are specific to each particular nanomaterial-ligand combination. [3, 9] Evidence points to a complex network of reversible and irreversible processes, that often depend on sample history or other batch-to-batch differences. Despite continued development of innovative ligand exchange methodology on a variety of NP surfaces, [10] this lack of understanding, and intrinsic system-dependent variability, hinders progress towards predictable and generalizable methods that may be adopted irrespective ofor even blind to-the underlying nanomaterial details.
Scope of this review
In this Focus Review, we discuss emerging methods for tuning NP properties in colloidal suspension, through postsynthetic manipulation of the surface monolayer, without requiring disruption of the NP-monolayer bond. Through selective examples, we highlight the strengths and weaknesses of each strategy, with a focus on approaches that may achieve reversible and stimuli-responsive property control. Crucial to developing predictable methods, we examine evidence correlating phenomenologically observed property changes with underlying molecular changes, and we point to some of the outstanding challenges that must now be addressed. Although the scope here is restricted to colloidal suspensions of small inorganic nanoparticles stabilized by a surface monolayer (i.e., metal, metal oxide, and semiconductor NPs), it should be noted that many of the same strategies may be extended to (or in some cases were pioneered on) other types of nanomaterial (e.g., silica particles, carbon dots, fullerenes, polymer nanoparticles or liposomes), as well as for creating and controlling NP assemblies, and properties in condensed phases.
Manipulating Monolayer Charge State for Nanoparticle Property Tuning
Electrostatics are particularly important in determining interactions between a NP and the surrounding matrix, strongly influencing colloidal stability and NP adhesion to exogenous molecules or surfaces. Reversible charge switching is readily achieved through ionization of acidic or basic groups in the monolayer, so for many applications careful consideration must be given to maintaining an appropriate charge under the expected range of operating conditions. Overall neutral monolayers of zwitterionic ligands, for example, have been shown to exhibit excellent aqueous colloidal stability, resistance to nonspecific binding in biological media and low cytotoxicity. [11] Recently, rational design of acylsulfonamide ligand 1 provided AuNPs displaying a sharp transition between neutral zwitterionic, and cationic states around pH 6.5 (Figure 2 a) . [12] Congruent with the mildly acidic microenvironment surrounding many solid tumors, the transition to positive surface charge enhanced NP endocytosis and cytotoxicity, suggesting promise for tumor-selective therapeutic or imaging applications. [12] b) Mixed monolayers of permanently cationic (2) and switchable carboxylic acid (3) ligands allow switching between positive, neutral and negative surface charges, accompanied by reversible modulation of colloidal stability.
Neutral surface charge may alternatively be attained by combining two oppositely charged ligands in a mixed monolayer, allowing for switching between positive, neutral and negative charge states. Mixing permanently positively charged tetraalkyl ammonium ligand 2, with an excess of carboxylic acid 3, produced pH-responsive AuNP-2/3 that could switch between highly positive and negative surface charges (Figure 2 b) . [13] The NPs were colloidally stable in aqueous media at both low and high pH, but underwent reversible precipitation at an intermediate pH, corresponding to surface charge neutralization. Interestingly, the neutralization point could be tuned across a wide pH range ( % 4 to % 7) according to both the ratio 2:3 and NP radius of curvature. This illustrates an important point: molecular properties of monolayer constituents such as pK a can be strongly influenced by nanoscale features, including monolayer composition and NP radius of curvature.
[14] The mixed-charge monolayer allowed AuNP-2/3, displaying an overall negative surface charge, to be internalized by cells-counter to the commonly held understanding that cellular uptake requires overall positive surface charge. [13] It must be noted here that accurate characterization of absolute NP surface charge is challenging. Most commonly, light scattering is used to measure NP electrophoretic mobility, which is then converted into z-potential. However this conversion is fraught with complications, while z-potential itself is only a proxy for the attached surface charge, and is highly sensitive to the measurement conditions. [15] Electrochemical charging of redox-active monolayer constituents provides a simple-but relatively under-exploited-means to reversibly modulate NP surface charge.
[16] In a similar manner to pK a , redox potentials are sensitive to both the nanoscopic and molecular environment, presenting opportunities for sensing applications, [16a] or control of host-guest interactions (see Section 3.1).
[16b]
Manipulating Noncovalent Interactions for Nanoparticle Property Tuning
One of the most highly developed approaches for postsynthetic NP monolayer modification exploits reversible and specific hybridization to NP-bound single-stranded oligonucleotides. Introduced simultaneously by Alivisatos, [17] and Mirkin, [18] this has become one of the touchstone methods for colloidal NP functionalization, leading to diverse applications including sensing, gene delivery, and NP assembly. [19] Detailed physicalorganic studies have revealed much about the parameters determining the remarkable behavior of these systems, allowing NP-bound oligonucleotide hybridization to be exploited in an increasingly predictable manner. Together with the rapid, automated synthesis of oligonucleotides with any given sequence, DNA-coated NPs can genuinely now be considered as 'Programmable Atom Equivalents'. [20] Yet, the chemical and structural stability of double-stranded DNA is only maintained within a relatively narrow window of conditions. Furthermore, incorporation of non-nucleotide molecular functionality and in situ molecular-level characterization of these complex, oligomeric chemical structures is extremely challenging. Here, we will concentrate on newly emerging nonbiomolecular approaches.
Intermolecular noncovalent monolayer modification
Encapsulating semiconductor QDs in micelles, [21] or amphiphilic polymers, [22] was one of the earliest solutions for converting assynthesized hydrophobic nanocrystals into biocompatible fluorophores, while preserving their attractive optical features. Driven by hydrophobic interactions between the surfactant and the lipophilic NP-bound ligands, bilayer-protected NPs can similarly be prepared from any core nanomaterial bearing a hydrophobic surface monolayer. [2, 23] Polymeric amphiphiles have proven particularly convenient for incorporating a wide range of functional groups on the bilayer surface through this mild, one-step approach. [24] However, encapsulation is essentially irreversible, the challenges of balancing long-term stability while avoiding NP cross-linking can be significant, and the attendant increase in NP solvodynamic size is a drawback for many applications.
Small-molecule host-guest systems present diverse possibilities for addressable noncovalent NP monolayer modification. [25] For example, colloidal NP phase transfer has been achieved by masking hydrophobic NP-bound ligands with water-soluble cyclodextrin (CD) macrocycles. [26] Conversely, incorporating CDs as one of the surface-bound ligands on QDs has been used to create a fluorescence turn-on sensor for various hydrophobic small molecules, operating through the displacement of a quencher from the CD cavity. [27] Yet, these early systems illustrate the major challenges faced by nonbiomolecular hostguest systems: optimizing complex stability and reversibility, while avoiding kinetic traps; and achieving sufficient selectivity for application in complicated real-world environments.
Recently, Rotello and co-workers have successfully exploited the strong and selective recognition properties of cucurbit- Figure 3 . Competitive host-guest complexation between ADA and CB [7] for selective NP property switching. a) Intracellular decomplexation of AuNP-4·CB [7] reveals cytotoxic AuNP-4.
[28] b) Intracellular removal of CB [7] provides access to a monolayer-embedded catalyst for prodrug activation.
[n]uril macrocycles to achieve remarkable control over AuNP properties in live cells ( Figure 3) . [28] Diaminohexane-functionalized AuNPs were shown to form strong host-guest interactions with cucurbit [7] uril (CB [7] ); clear evidence for a NP-bound threaded host-guest complex was provided by 1 H NMR spectroscopy. The resulting AuNP-4·CB [7] complex (Figure 3 a) is water soluble and readily taken up into the endosomes of human breast cancer cells, with no apparent cytotoxicity at concentrations 50 mm. Subsequent incubation with 1-adamantylamine (ADA)-a bioorthogonal competitive guest for CB [7] -resulted in endosomal escape of the NPs and a cytotoxic response very similar to that elicited by AuNP-4 alone; presumably the result of intracellular disruption of the NP-bound host-guest complex by ADA. [28] This approach has now been extended to achieve intracellular control of a bioorthogonal catalytic reaction (Figure 3 b) . [29] Complex formation in a similar manner to before was used to prevent substrate access towards an organometallic catalyst intercalated within the hydrophobic region of the monolayer; subsequently, catalytic activity could be restored by competitive binding of CB [7] to ADA. Kinetic analysis revealed selective and reversible catalyst inhibition, and excellent agreement to CB [7] binding affinities measured independently by isothermal titration calorimetry. With this approach, intracellular activation of the anticancer drug 5-fluorouracil (5FU) was achieved on co-localization of a 5FU prodrug with a NP-bound, CB-protected catalyst and ADA. [29] This elegant strategy suggests possibilities for tuning a biological response according to local concentrations of NP, competitive binder and (where relevant) catalytic substrate. There is exciting long-term potential for smart delivery of drugs or imaging agents with spatiotemporal dose control, while more immediate applications include stimuli-responsive tools for chemical biology. However, in these proof-of-concept studies relatively high concentrations of competitive binder are incubated over several hours, and translation to in vivo settings still presents a significant challenge.
Scrimin, Prins and co-workers have developed a series of AuNPs functionalized with azacrown macrocycles, such as AuNP-5 (Figure 4) .
[30] Coordination of Zn 2 + to the NP-bound macrocycles affords active transphosphorylation catalysts that mimic phosphodiester cleavage by ribonucleases. A sigmoidal increase in observed reaction rates with increasing metal ion loading indicates a cooperative multinuclear catalytic site, which is facilitated by the multivalent nature of the NP-bound monolayer, and leads to catalytic activities over 600-fold greater than mononuclear molecular analogues.
[30b] The monolayer composition was characterized by a combination of NMR analyses and spectrophotometry. Yet, the structure of the active catalyst can still only be inferred on the basis of kinetic measurements. Although the evidence strongly suggests a catalytic site involving two Zn 2 + centers within the same monolayer, the prospect of several different catalytically active structures operating simultaneously, or a non-random distribution of ligands in mixed NP monolayers, cannot be ruled out. Detailed structural characterization of active sites-such as can be provided by crystallography for small molecule catalysts or enzymes-remains an important long-term challenge for NPbound catalysts.
The observation that AuNP-5·Zn 2 + also acts as a high-affinity host for small oligoanions has provided a powerful, and synthetically adaptable, system with which fundamental features of host-guest recognition at responsive multivalent nanoscale surfaces can be investigated. [31] Reversible tuning of NP valency can be achieved by adding and removing (using a competitive ligand) Zn 2 + from AuNP-6.
[31b] The change in binding capacity (i.e., valency) and complexation kinetics has been monitored via emission quenching of fluorescent anionic guests when in close proximity to the metal surface, affording data consistent with at least two distinct anion binding modes. It was furthermore observed that AuNP-6·Zn 2 + exhibits a marked selectivity for binding diphosphates over dicarboxylates, [31a] while anion binding to nonmetalated AuNP-6 is pH-dependent.
[31b] This multiparameter responsiveness has allowed increasingly complex behaviors to be achieved, including self-sorting of diphosphate (8) and tricarboxylate (9) guests onto two different NP monolayers: phosphate-selective AuNP-6·Zn 2 + and nonselective cationic AuNP-7 ( Figure 5) . [32] Although a comprehensive series of experiments strongly supports self-sorting, it is still not possible to directly distinguish binding of each fluorescent guest to the different NP surfaces. Switching between the sorted and unsorted states was achieved by removal and addition of Zn 2 + , while specific stimuli could trigger sequential release of the probes from their respective NP-hosts. In related work, complexation to AuNP-6·Zn 2 + has been used for the dynamic combinatorial identification of metal-linked bis-nucleotide dimers from a pool of lower-affinity monomers, which could be developed either as a metal sensing platform, or for identifying optimal metal-binding nucleotide ligands.
[33] Figure 4 . Selective modulation of catalytic activity based on Zn 2 + complexation to AuNP-bound azacrown ligands. Catalytic activities up to 600-fold greater than analogous mononuclear molecular Zn 2 + -azacrown catalysts were achieved. Nonbiomolecular systems offer several advantages over oligonucleotides in terms of structural simplicity, adaptability of molecular design and synthetic routes, and applicability under a wider range of environmental conditions. These pioneering designs are slowly closing the gap on the exquisite specificity, selectivity and kinetic tunability exhibited by DNA-functionalized NPs, but in only a handful of cases is binding strong enough that property changes can be achieved and maintained independent of an unbound excess of reagent. Significant challenges also remain in directly linking structural characterization of dynamic noncovalent complexes within NP-bound monolayers to observed property changes.
Intramolecular monolayer conformational and configurational changes
Monolayers that respond to a specific stimulus by undergoing a conformational change present a self-contained strategy to tune NP properties without requiring addition of exogenous species. Stimuli-responsive polymers-such as those displaying lower critical solution temperature (LCST) behavior-are attractive ready-made systems for such strategies. [34] Phase transfer across oil-water interfaces has been achieved for AuNPs functionalized with random copolymers of 2-(2-methoxyethoxy)ethyl methacrylate and oligo(ethylene glycol) methyl methacrylate.
[35] However, the polymer switching behavior is significantly affected by attachment to the NP surface, and bidirectional switching required careful adjustment of both temperature and aqueous phase ionic strength.
[35b] Theoretical rationalization of these subtle effects based on thermodynamic considerations underlines the importance of understanding the influence of the nanosurface-bound environment on molecular behavior.
Cross-linked thermosensitive polymers display volume phase transitions between expanded and collapsed states, and have been used to modulate NP catalytic activity and selectivity by controlling substrate diffusion towards the NP surface. For AuNPs coated with cross-linked poly(N-isopropyl acrylamide), a decrease in NP hydrodynamic diameter on increasing temperature indicated polymer collapse, and was correlated with a sharp reduction in the rate of NP-catalyzed ferricyanide reduction by borohydride. [36] In a similar system, substrate selectivity could be altered on polymer phase transition (Figure 6 a) : reduction of hydrophilic nitro-aromatic substrates being preferred at T < LCST (swollen polymer shell), and hydrophobic substrates reacting faster at T > LCST (collapsed polymer shell). [37] The same strategy has been used to reversibly control the approach of Raman-active and fluorescent analytes towards a AuNP surface (Figure 6 b) . For a probe molecule that does not interact strongly with the NP surface, intercalation into the swollen polymer monolayer results in strong surface-enhanced fluorescence (SEF), but weak surface-enhanced Raman scattering (SERS); conversely, polymer collapse results in a strong SERS signal but quenching of the fluorescence, presumably a result of confining the analyte closer to the NP surface. [38] The ability to capture probes that have little or no affinity with the NP surface, and to switch between two spectroscopic modalities, with an easily addressable, colloidally stable platform, suggests several opportunities for quantitative sensing in complex environments. A recent exciting extension exploits photonic heating of hollow gold nanoshells to simultaneously trigger the reversible polymer phase-transition and monitor the concomitant SERS response using a near-IR light source. [39] The rich set of behaviors attained through nonspecific conformational changes suggest that an even greater level of sophistication may be reached by harnessing the more precise- Figure 5 . Switchable noncovalent self-sorting on NP-bound monolayers. Anionic guests 8 and 9 bind nonselectively to AuNP-6 and AuNP-7, producing a mixed guest-monolayer state. Addition of Zn 2 + produces AuNP-6·Zn 2 + , a selective host for phosphate 8, leading to a self-sorted guest-monolayer state. [32] ChemNanoMat 2015, 00, 0 -0 www.chemnanomat.org ly defined stimuli-induced conformational, co-conformational or configurational changes achieved by modern-day artificial molecular machines. [40] In one of the first examples of a molecular-machine-controlled NP device, a pH-responsive oligonucleotide conformational switch was combined with fluorescent QDs to create a biocompatible pH sensor (Figure 7 a) . [41] A ratiometric (self-referencing) optical response to changing pH was generated by modulating Fçrster resonance energy transfer (FRET) between the QD and a pH-insensitive molecular fluorophore through large-amplitude proton-triggered folding/unfolding of the molecular machine. Excellent agreement between energy transfer efficiency and the physical dimensions of the sensor construct as pH is varied confirmed the molecular-mechanical transduction mechanism. This defines a universal fluorescent sensor design strategy whereby the analyte-responsive, and the optical reporting components may be optimized independently, allowing the unique-but otherwise environment-insensitive-optical properties of QD fluorophores to be harnessed for tracking pH within individual endosomes of living cells (Figure 7 a) . [41] However, high-resolution imaging of very small QD populations (in theory down to individual particles) requires highly homogeneous probe behavior, and so methods for accessing such devices with tightly controlled NP:machine stoichiometry represent the next challenge. Stimuli-responsive changes in configuration of isomerizable photoswitches also provide a powerful strategy for controlling NP behavior. This area has recently been reviewed extensively elsewhere, [42] and a large proportion of these studies have been directed towards controlling NP aggregation and NP properties in condensed phases. In colloidal suspension, the optical properties of photochromic switches have been applied in a number of instances to control emission from fluorescent NPs. For example, fluorescence from CdSe-ZnS core-shell QDs functionalized with spiropyrans could be reversibly switched on and off by photoirradiation (Figure 7 b) . [43] This effect can be attributed to photoconversion between spiropyran (10 SP ) and merocyanine (10 MC ) isomers in the NP-bound monolayer; the latter form absorbs strongly in the visible region (l max = 588 nm), and can therefore quench QD emission (l FL = 546 nm) by FRET. Consistent with this mechanism, weak red emission, characteristic of the merocyanine dye, is observed in the 'off' state, and quenching efficiency depends on both the number of photoswitches in the monolayer and the spectral overlap between QD emission and meorcyanine absorption bands. [43] Similar results have been achieved with fluorescent gold nanocrystals, [44] and rare-earth upconverting nanophosphors. [45] These relatively simple examples only hint at the functionality that might be achieved by interfacing more sophisticated artificial molecular machines with NPs. Large-amplitude coconformational motions of mechanically interlocked molecular shuttles have already been achieved within NP monolayers, creating some of the most structurally advanced switchable NP systems to date. [46] It now remains to properly understand the influence of the surface-confined environment on machine operation, and define the most appropriate properties and practical uses to be addressed with these remarkable systems.
Manipulating Covalent Connectivity for Nanoparticle Property Tuning

Kinetically controlled covalent monolayer modification
With the potential for accessing a huge range of kinetically stable, well-defined structures, through a wide array of reactions, modifying the covalent connectivity of NP-bound ligands in situ is a highly attractive strategy. Early work established that simple reactions such as ester or amide coupling can directly modify reactive NP-bound ligands, [47] and subsequently a wide range of protocols-many inspired by bioconjugation methods-have been adapted for functionalization of NPbound monolayers. [48] These established techniques, however, each exploit essentially irreversible reactions, providing a "oneshot" opportunity to modify the monolayer, with no degree of error checking, and resulting in a statistical product distribution that can be difficult to control. Incorporating orthogonally reactive ligands in the ligand shell can allow stepwise modification, [49] but this in turn requires precise control of the initial Figure 6 . Nanoparticle property switching using thermosensitive polymer ligand shells. a) Switching substrate selectivity for a catalytically active 'yolkshell' AuNP coated with poly(N-isopropyl acrylamide). [37] b) Temperature controlled swelling of a poly(N-isopropyl acrylamide) ligand shell simultaneously alters surface-enhanced Raman scattering (SERS) and surface enhanced fluorescence (SEF) effects for an intercalated dye. monolayer composition. Stimuli responsiveness in these systems is limited to controlling reagent stoichiometry, or reaction conditions to kinetically promote or inhibit reaction progress.
A few systems have used bond-breaking reactions to achieve property changes in response to a particular stimulus. Emrick and co-workers reported the inversion of NP-stabilized Pickering emulsions, induced by the acid-promoted cleavage of ether protecting groups (Figure 8 a) . [50] AuNP-11 0.9 12 0.1 , bearing a mixture of hydrophobic (11) and hydrophilic (12) ligands, was found to stabilize a water-in-oil emulsion. Acid initiated deprotection of 11 increases NP hydrophilicity, disrupting the emulsion and leading to phase separation. Adding more water, with agitation, produced an oil-in-water emulsion, stabilized by the more hydrophilic AuNP-12. Appealingly, this approach could also be photonically triggered by including a photoacid generator in the organic phase. [50] Incorporating directly photocleavable units within the ligand design has been used to produce a number of irreversibly switchable NP systems.
[51] For example, ortho-nitrobenzyl ligand 13 was used to create 'caged' CdTe/CdS core/shell QD-13 0.25 14 0.75 exhibiting highly quenched photoluminescence on excitation at 405 nm. Irradiation at 365 nm caused the photoluminescence quantum yield to increase by over 400-fold, a consequence of removing the aromatic substituent.
[51a] Similar approaches have exploited enzymatic cleavage of peptidic linkers, [52] or redox modification [52b, 53] of energy-or electrontransfer quenchers on QD surfaces to irreversibly modify fluorescence, thereby providing detection and sensing functions.
Thermodynamically controlled covalent monolayer modification
Approaches that combine the reversibility and stimuli responsiveness displayed by noncovalent systems or configurational switches, with the stability and structural diversity of covalent chemistry, would afford access to a diverse range of self-contained NP systems with precisely controlled and reconfigurable monolayer features, and therefore properties. Dynamic covalent reactions have the potential to meet all these requirements.
[54] Applied to NP-bound ligands, this would allow covalent bonds to be formed and broken reversibly, with product distributions that are predictably determined by thermodynamic stabilities, and responsive to reaction conditions. However, a change in conditions (e.g., removal of a catalyst), can kinetically lock the products, allowing isolation, purification, and application without fear of further changes.
Largely exploited for their ability to operate under relatively mild conditions, there have been a number of examples of conjugation to NPs in ostensibly irreversible processes that in fact exploit potentially reversible covalent bonds. [48] In particular, hydrazone formation under pseudo-irreversible conditions has been developed as a convenient bioconjugation method for incorporating a small number of modifications on both AuNP and QD monolayers. [55] Conversely, acid-catalyzed hydrazone hydrolysis has been used to selectively release NP-bound cargoes. [56] Conceptually, however, these approaches are essen- Figure 7 . Nanoparticle properties controlled by molecular switches. a) Proton-triggered conformational switching modulates FRET efficiency between a QD donor (green) and molecular acceptor (red), producing a ratiometric response that can be exploited for intracellular pH sensing. [41] b) Light-triggered spiropyran-merocyanine interconversion reversibly modulates FRET from a QD donor over several cycles. [43] Adapted with permission from references [41] , copyright 2013 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim and [43] , copyright 2005, American Chemical Society. Recently, Otto and co-workers reported the first example of template-driven dynamic covalent NP functionalization, creating optimal DNA-binding monolayers via selection from a dynamic combinatorial library of AuNP-bound imines ( Figure 9) . [57] A mixed monolayer of aldehyde ligand 15 and cationic ligand 16 was treated in aqueous solution with an excess of three aromatic amines (17) (18) (19) , chosen for their differing potential to form noncovalent interactions with DNA. Using HPLC to quantify the population of unbound amines, it could be inferred that negligible concentrations of imine form in the absence of a template. However, on adding short oligonucleotides, selective uptake of different amines was observed, with imine product distributions dependent on the base-pair sequence of the DNA template. The multivalent presentation of functionality on a NP surface, combined with rapid dynamic covalent exchange of monolayer components opens the way to combinatorial selection of binding surfaces for probing a variety of large-area noncovalent biomolecular interactions, which have proven particularly challenging to address using traditional host-guest systems.
In the same journal issue, we reported the first example of dynamic covalent exchange used to reversibly switch NPbound dynamic covalent functionality between multiple kinetically stable states (Figure 10) . [58] AuNPs coated with hydrazone terminated ligands could be modified at will by reaction with Figure 8 . Covalent cleavage reactions for nanoparticle property control. a) Acid-triggered cleavage of a hydrophobic tetrahydropyran group disrupts water-in-oil Pickering emulsions stabilized by AuNP-11 0.9 12 0.1 ; subsequent addition of more water and agitation leads to an inverted an oil-in-water emulsion stabilized by AuNP-12. Confocal microscopy images show emulsions with FITC-dextran dye labelling the aqueous phase. [50] Adapted with permission from reference [50] , copyright 2013 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim. b) Photocleavage of ortho-nitrobenzyl ligand 13 releases a fluorescence quencher, restoring QD emission.
[51a] Figure 9 . DNA-templated formation of dynamic covalent imine AuNP monolayers. Monolayer composition depends on the specific base pair sequence of the DNA template introduced; negligible imine formation is observed in the absence of DNA. [57] Figure 10. Reversible dynamic covalent modification of a NP ligand shell by hydrazone exchange, and concomitant solvent compatibility switching. Solvents: A = hexane, B = chloroform, C = tetrahydrofuran, D = methanol, E = N,N-dimethylformamide, F = water. [58] Adapted with permission from reference [58] , copyright 2015 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim.
ChemNanoMat 2015, 00, 0 -0 www.chemnanomat.org an aldehyde exchange unit under acid-catalyzed conditions. The structural change could be harnessed to produce a concomitant change in NP solvent compatibility: AuNP-20, colloidally stable only in polar aprotic solvents, was converted into AuNP-21, which exhibits colloidal stability in less polar organic solvents, by reaction with hydrophobic aldehyde 22. Likewise, exchange with sulfonated aldehyde 23 produced water-compatible AuNP-24. The reversible exchange process allowed each state to be accessed from either of the other two, simply by selecting the appropriate aldehyde exchange moiety (22, 23, or 25) , while the acid catalyst and all other unbound molecular species could be easily removed at any stage. By incorporating appropriate fluorine labels, and ensuring complete purification from unbound species, the exchange process could be monitored in real time by 19 F NMR, providing direct quantitative assessment of reactivity in the NP-bound monolayer. [58] Although dynamic covalent NP monolayer functionalization is clearly still in its infancy, these first two examples illustrate a key advantage of this approach. One system relies on kinetically and thermodynamically unstable dynamic covalent bonds, the other exploits reversible covalent exchange under specific conditions, to produce kinetically stable products that may be isolated, purified, characterized and stored. The ability to access such a wide range of reactivity, combined with the inherent structural diversity afforded by modern organic chemistry, suggests that dynamic covalent approaches can provide an extremely powerful addition to the range of strategies for the reversible and responsive control of NP-bound functionality and properties.
Conclusions and Prospects
Defining the interface between a colloidal NP and the outside world, the surface-bound molecules are crucial to controlling a host of NP properties; precise control over monolayer structural details at the molecular, supramolecular and nanoscale levels is therefore essential for virtually any potential application. While well-established direct synthetic routes, [1] ligand exchange, [8] [9] [10] oligonucleotide hybridization, [17] [18] [19] and amphiphile encapsulation [21] [22] [23] [24] approaches will continue to provide essential solutions, methods for reversible and stimuli-responsive postsynthetic manipulation of NP properties using nonbiomolecular systems can lead to an as-yet unimagined array of smart, functional NPs.
A proper understanding of the multifarious parameters affecting molecular behavior within the NP-bound monolayer will be essential to arriving at predictable and generalizable strategies. Notwithstanding the significant challenges facing molecular-level characterization within dilute, heterogeneous and polydisperse systems, many of the examples discussed here illustrate how advances in synthetic strategy, purification protocols, analytical methods and theoretical understanding are now combining to achieve unprecedented levels of information, and therefore link phenomenological behavior to structural details.
At the same time, complexity is one of the most exciting aspects of these multicomponent systems, presenting possibilities that just do not exist in the solution-phase molecular world. Protonation state of surface-bound species is an ostensibly simple parameter that can have a profound effect on NP properties (Section 2), yet the nanoscale environment provides unique opportunities for controlling NP surface charge. [14a] For example, exploiting the effect of local surface curvature on pK a , [14b] distinct charge 'patches' can be created on nonspherical NPs bearing an otherwise compositionally uniform monolayer. [59] In the complex environment of a NP-bound monolayer, several inter-related factors can modify molecular behavior, [60] and therefore have the potential to influence systemlevel properties. Analytical methods that can better probe molecular states with nanoscale resolution will be essential in fully understanding these effects and exploiting the potential that they offer for NP property control. Mixed monolayers introduce further important challenges, including improved control and analysis of ligand composition and distribution (which can vary from intimately mixed to fully phase-separated). From this will come truly multifunctional NP systems where two or more surface-bound ligands each play an active role in defining stimuliresponsive system properties.
Advances in supramolecular design have allowed NP-bound nonbiomolecular host-guest systems to begin to rival oligonucleotide hybridization, to the extent that they can control remarkable stimuli-responsive NP systems in living cells (Section 3.1). Developing analytical methods capable of directly probing supramolecular structure and dynamics within the monolayer, of distinguishing different noncovalent binding modes, and even different nano-locations will be key to driving future advances here. Having independently enjoyed similarly rapid development trajectories, recent examples suggest that the interface between artificial molecular machines and functional NPs is now ripe for exploiting (Section 3.2). Understanding the interdependent relationships between NP features, machine performance and system properties presents formidable challenges, but there are undoubtedly great rewards to be had by combining the remarkable achievements of these two fields of modern synthetic chemical technology.
While kinetically controlled covalent chemistry has been a mainstay of postsynthetic monolayer functionalization, [2, 48] the recent introduction of stimuli-responsive and dynamic covalent systems that combine the stability and diversity of covalent structures, with the tunable and adaptable behavior of equilibrium systems, promises a step-change in capabilities (Section 4). These methods will afford unprecedented control over monolayer composition, in response to either physical or chemical inputs, using only well-defined covalent structures and without disrupting the NP-ligand interaction. Nondestructive methods for monitoring reaction processes in situ will be crucial to developing predictable methodology here; just as molecular synthesis is underpinned by detailed mechanistic understanding, so too must synthetic methods on the nanoscale.
Although the majority of examples discussed here involve AuNPs-in many respects the archetypal monolayer-stabilized NP-strategies that manipulate the monolayer in place are more readily generalizable to a wide range of nanomaterials than those that attempt to adapt NP synthetic routes, or to replace the surface-bound species in their entirety. The ultimate goal to which synthetic chemists must aspire is a set of universal strategies, and a predictable structure-property understanding, applicable irrespective of NP material, size, or shape. When considered in totality, the remarkable and unique properties possible for the core nanomaterial, combined with the vast diversity of modern-day molecular and supramolecular chemistry, and the multitude of parameters that can be called upon to manipulate surface-bound molecular behavior (vide supra), suggest we are only just beginning to scratch the surface in terms of what can be achieved by postsynthetic manipulation of NP-bound monolayers. The exciting possibilities for controlling NP properties and designing smart NP devices will play an important role in fully realizing the technological potential of monolayer-stabilized nanomaterials. There and back again: Many properties of colloidal nanoparticles are strongly influenced by the surface-bound molecular monolayer. Emerging strategies for manipulating nanoparticle-bound molecules to achieve stimuli-responsive and reversible nanoparticle property control are reviewed. The outstanding challenges in arriving at predictable and universal methods are discussed.
